The Tioman Island of Malaysia experienced acute muscular sarcocystosis outbreaks from 2011 to 2014. So far, a previous study based on the 18S rRNA gene sequencing has reported S. singaporensis, S. nesbitti and Sarcocystis sp. YLL-2013 in water samples acquired from the island, thus confirming the waterborne nature of this emerging parasitic disease. This study aimed to improve the detection methods for Sarcocystis, in order to have a clearer picture of the true diversity of Sarcocystis species in Tioman. A new primer set (28S R7F-28S R8 Deg R) was designed to amplify the 28S rRNA gene of Sarcocystis. Subsequently, Sarcocystidae was detected in 65.6% (21/32) of water samples and 28% (7/25) of soil samples acquired between 2014 and 2015 from Tioman.
INTRODUCTION

).
With confirmation from just a handful of biopsy samples, S. nesbitti was found to be the only known species to cause human muscular sarcocystosis on these two islands (Tappe et al. ; Lau et al. ) . Water and food are stipulated to be the transmission routes of sarcocystosis on the Malaysian islands (Dubey ) . Early surveillance monitoring was carried out in Tioman, but finding Sarcocystis among the environmental samples was elusive (Husna Maizura et al. ) . A subsequent study in Tioman that examined various water samples taken from Salang, Juara and Ayer Batang reported the detection of S. singaporensis,
S. nesbitti, Sarcocystis sp. YLL-2013 and one unknown
Sarcocystis species based on the 18S rRNA gene sequences (Shahari et al. ) .
This study continues the quest of finding Sarcocystis in Tioman, using next-generation sequencing (NGS) to target a region in the 28S rRNA gene with a new primer set 28S R7F-28S R8 Deg R, and the V9 hypervariable region of the 18S rRNA gene. With the deep sequencing ability of NGS and identification of unique 28S rRNA gene sequences, the presence of more Sarcocystis species in the environmental samples from Tioman was revealed. The sequence of primary polymerase chain reaction (PCR) products from initial screening examinations, and cloning results when available are referred in the reporting of these NGS acquired sequences.
In addition, the corresponding amplified regions (R7-R8 and V9) belonging to eight in-house unknown Sarcocystidae sequences with long nucleotides from the 18S to 28S rRNA gene were extracted for comparison to assign a full-length ribosomal DNA sequence to the matching NGS sequence.
MATERIALS AND METHODS
Environmental sampling and DNA extraction
Samplings were conducted in four main locations on the Tioman Island, L1 to L4, in October 2014 and August 2015. Nine and 23 grab water samples and 19 and six grab soil samples were collected, respectively, in the two consecutive years, totalling up to 32 grab water samples and 25 grab soil samples. Samples were acquired from rivers, estuaries, mangrove and bay. The samples were kept in sterile Nasco Whirl-Pak bags, and stored on ice in cool boxes or refrigerated until being processed. Samples acquired in 2014 were processed within two months, and within two weeks for the 2015 samples. DNA was extracted from each water sample in duplicates; each replicate with 100 ml of water content aspirated from the sampling bags, filtered through 0.45 μm cellulose nitrate membrane filters (Sartorius, Germany) using the Millipore vacuum manifold system, and followed by genomic DNA extraction with PowerWater DNA Isolation Kit (Mo Bio, USA -2015 - , J2-2015 - , Sarco, H2-2015 - and I2-2015 , and the products were sent for Sanger sequencing (Genomics, Taiwan).
The first three technical replicates have also undergone 28S NGS, and replicate H1-2015 for 18S V9 NGS.
There were eight in-house unknown Sarcocystidae sequences, namely Combi, WFMax1B, WF2B, C1.9, C2.1, C2.5, 50.20Jun and J1.11. These sequences were acquired through the cloning of PCR products that amplified genomic DNA from the 18S to the 28S rRNA gene (submitted), using the same samples from this study. Their nucleotide fragments delineated by primers 28S R7F-28S R8 Deg R and 1380F-1510R were extracted for matching with the NGS reads.
NGS data analysis
The NGS data output was analysed using the USEARCH The rarefaction curves of the 28S rRNA gene NGS were presented as log 10 trend lines of the richness index, as shown in Figure 1 . From the figure, it seems that the 1.4 nM of NGS libraries concentration could still be increased under this experimental workflow, but is nonetheless sufficient.
The use of Zotu (UNOISE algorithm) was considered more appropriate in this study as compared to Otu (UPARSE algorithm) because the heterogeneity of sequences in the amplified 28S region is unknown. Hence, it is better to apply the 'all correct biological sequences are assigned' principle of the UNOISE algorithm, rather than the 'no two sequences are >97% identical' principle of the UPARSE algorithm (Edgar & Flyvbjerg ; Edgar ). The 97% similarity threshold could be insufficient to differentiate Sarcocystis species (Edgar ). On the other hand, a sequence that is produced by both the UNOISE and UPARSE algorithm may be more credible as a correct biological sequence.
Alpha and beta diversity of the samples based on the
28S R7-R8 region
The highest observed diversity among the libraries, as portrayed by the 'Richness' index, was reported by the sample replicate pair of J1-2015 and J2-2015, and also T2-2015, which were water samples acquired from two different locations, L1 and L3 (Table 1) . However, the 'Chao 1' diversity index that also captures low-frequency reads in a library, replicates of the water filter, which was taken from location L1 in 2014. Furthermore, the supernatant con- Due to the abundance of unique reads produced by the 18S V9 NGS, a nucleotide strand of 51 bp (CCCTG Appearance frequency is the number of times Sarcocystidae was detected among the 25 sample replicates subjected to 28S rRNA gene NGS. a The same technical replicate of the sample was also subjected to NGS of the 28S rRNA gene (refer Table 1 ). b A different technical replicate of the same sample was also subjected to NGS of the 28S rRNA gene (refer Table 1 Information from this study fills the critical environmental perspective gap of Sarcocystis research against the backdrop of various Sarcocystis species reported from animal hosts.
